An immunocytochemical technique utilizing an avidin-biotin peroxidase complex was developed to detect viral antigens in various tissues following oral administration of a locally isolated serotype 8 avian adenovirus (AAV) in specific pathogen-free (SPF) chickens. A strong color reaction was obtained with tissues from infected birds that contained a minimal amount of AAV antigens as determined by an indirect enzymelinked immunosorbent assay. No reaction was detected in sections of tissues obtained from SPF chickens, and the reactivity with infected tissues could be removed by prior absorption of the primary antibody with purified AAV. A group-specific antigen common to the 12 serotypes of AAV was demonstrated by this technique. Because of the high sensitivity and broad-spectrum reactivity, this technique could be useful for studying the pathogenesis and laboratory diagnosis of inclusion body hepatitis caused by several serotypes of AAV.
Avian adenoviruses (AAVs) are frequently isolated from apparently healthy chickens, and their role in the etiology of clinical disease is often regarded as insignificant. 7, 25, 26 However, sometimes adenoviral infections are specifically associated with a variety of overt disease syndromes such as hepatitis, respiratory disease, decline in egg quality and production, tenosynovitis, atrophy of bursa and thymus, and aplastic anem i a . 9 , 1 0 , 1 3 , 2 1 Inclusion body hepatitis (IBH) is an acute infectious disease predominantly affecting young chickens 2-7 weeks of age caused by several serotypes of AAV. 18 Natural outbreaks are characterized by a sudden onset of sharply increased flock mortality (up to 30%), a short clinical course, anemia, and necrotic hepatitis. Basophilic or eosinophilic intranuclear inclusion bodies (INIBs) are often observed in hepatocytes. A mild form of IBH infection (0-5% mortality) caused by similar serotypes of AAV has also been reported without significant changes in hepatocytes.
An enzyme-linked immunosorbent assay (ELISA) to detect and quantify AAV antigens in tissues of infected birds has recently been reported. 22 However, this assay does not reveal the precise site of viral replication within a particular tissue, therefore it has limitations for studies of viral pathogenesis. An immunocytochemical technique utilizing an avidin-biotin peroxidase complex (ABC) was considered suitable for monitoring the effects of host-virus interaction at the cellular level in various tissues.
The high sensitivity of the ABC technique 14 is based on the strong affinity ( 10 15 M -1 ) between the large gly-coprotein molecule avidin (MW 68,000 daltons) and the small molecule of the vitamin biotin. Because avidin has 4 binding sites for biotin, 1 molecule of avidin can bind with 3 molecules of marker (biotinylated enzyme) and still have 1 vacant biotin-binding site available for biotinylated antibodies that have been bound previously to the antiviral primary antibody? The affinity between avidin and biotin is over 1 million times higher than that of antibodies for most antigens and is essentially irreversible. 3, 6, 11 The ABC method was originally designed for use in frozen or paraffin-embedded tissue sections, but it has also been used in ELISAs, DNA hybridization (Southern blot), protein detection (Western blot), and in immunoaffinity techniques. 6 The ABC technique was developed to localize AAV antigens in paraffin sections to determine the location of viral replication following oral exposure of chickens to a locally isolated serotype 8 AAV.
Materials and methods

Viruses
Twelve prototype strains of AAV (CELO, SR48, SR49, KR5, 340, CR119, YR36, HVI, 764, A2, C2B, and 380) representing serotypes 1-12, respectively, 2 New Zealand isolates (736NI and 716W) representing serotypes 1 and 8, respectively, and 1 Australian isolate (QLD) representing serotype 8 were used in this study. All the viruses were grown and titrated in primary monolayer cultures of specific pathogen-free (SPF) chicken a kidney cells (CKC). Preparation of antigen, production of rabbit antiserum, and preparation of gamma globulin are described elsewhere. 22 The rabbit gamma globulin used in this study had a neutralizing antibody titer of 10,240 against the locally isolated serotype 8 AAV and and the supernatant was stored at -75 C as stock gamma globulin.
Fixation of tissues
Five different tissues (liver, spleen, ileum, pancreas, and muscle) were collected at 3, 45 and 9 days postinfection (pi) from each of 3 SPF birds that had each received 0.5 ml of the locally isolated serotype 8 AAV (10 6 TCID 50 ) orally. Portions, not larger than 2 cm 2 x 4 mm, of each of the tissues were fixed in 10% buffered formalin. Similar portions were also fixed in Bouin's fluid. The specimens were fixed for periods of 12, 18, 24, and 48 hr at room temperature before being removed and processed by standard methods and embedded in parffin (temperature not to exceed 60 C). Samples of the tissues fixed in each of the fixatives were also stored for 6 mo at room temperature before being processed and embedded in paraffin. The tissues fixed in Bouin's fluid were transferred to 70% alcohol for storage. Tissues fixed in buffered formalin were stored in buffered formalin. Also a 10% (w/v) suspension of each of the fresh or frozen tissues was prepared in phosphate-buffered saline (PBS) and examined for viral antigens by the indirect ELISA. 22 Tissues were collected from noninfected SPF birds and fixed similarly for negative controls.
Preparation and handling of the sections
Five-micrometer paraffin-embedded sections were fixed on microscope slides coated with polyvinyl acetate and dried at 37 C for at lest 48 hr. Routine deparaffinization and hydration of the sections were performed through a series of xylene and graded alcohol to water. 3
Development of optimal staining procedure
The immunologic staining was carried out at room temperature in a humid box. Two percent bovine serum albumin (BSA) in 0.01 M PBS containing 0.1% sodium azide was used for dilution of blocking agent, primary antibody, and secondary antibody. The washing buffer and diluent for H 2 0 2 , trypsin, BSA, conjugate, and substrate was 0.01 M PBS.
Before the technique was applied for routine use, the period of incubation and the optimum dilution for each of the reagents was determined as follows, using liver sections derived from birds that had been infected with serotype 8 virus. The 10% (w/v) suspension of this liver tissue contained a high amount of viral antigen as determined by indirect ELISA.
Endogenous peroxidase. Replicate liver sections were treated with either 3% H 2 O 2 in PBS or 3% H 2 O 2 in methanol for 10, 15, 20, 25, and 30 min for the evaluation of satisfactory inactivation of endogenous peroxidase present in the liver tissue. A minimum background staining of a tissue at a minimum period of time was considered satisfactory inactivation of endogenous peroxidase. The sections were washed in water for 5-10 set and then in PBS for 2 min.
Unmasking of intracellular antigen. The same liver sections were dipped into a 0.1% trypsin (pH 7.8) solution at 37 C for 10, 15, 20, 25, and 30 min to expose the intracellular viral antigen. The sections were washed in PBS for 5 min.
Blocking of nonspecific binding. Replicate tissue sections were flooded with either 100 µ1 BSA (2%) or 100 µ12% normal goat serum b in BSA (2%) for 10, 20, and 30 min at room temperature for blocking of any nonspecific reactions. The sections were not rinsed, but excess fluid was tapped off before adding primary antibody.
Primary antibody. Dilutions of 1:100, 1:250, 1:500, 1:
1,000, 1:2,000, and 1:5,000 of immune rabbit gamma globulin were placed on the surface of 4 replicate liver sections per dilution (100 pi/section) for 30, 60, 70, and 90 min before being washed in PBS for a total of 15 min (3 changes).
Indicator system. A 0.5% solution of biotinylated goat anti-rabbit IgG b was placed on the surface of each of 4 replicate sections (100 µ1 each) for 15, 30, 45, and 60 min and then washed with PBS for a total of 15 min (3 changes). Subsequently, 1% horseradish peroxidase-conjugated biotinavidin b was added (100 pi/section) for 15, 30, 45, and 60 min. The washing procedure was repeated before the substrate solution diaminobenzidine (DAB) tetrahydrochloride c (prepared by adding 5 mg DAB and 12 µ1 H 2 O 2 to 10 ml of PBS) was added for 4-7 min. The reaction was stopped by rinsing the slides in water.
Counter staining. The sections were counter stained with hematoxylin and examined by light microscopy to assess the specificity of the immunostaining reaction.
Controls used with each preparation were known positive and negative sections, each run with and without the primary antibody, secondary antibody, conjugate (ABC), or substrate (DAB). The optimum dilution and the period of incubation for each reagent was represented by the slide with the most intense specific stain and the least amount of background staining in a minimum period of incubation.
Expression of the results
Brown to dark brown color that developed in the tissues at specific sites was interpreted as representing the sites of antigen-antibody reaction, and the intensity of the color reflected the amount of viral antigen present. The color intensity was graded subjectively as highly intense (+ + + +), intense (+ + +), less intense (+ +), trace (+), and negative (-), depending on the amount and distribution of the color in different tissues. The intensity of the color developed in each infected tissue was also compared with the ELISA specific absorbance (ESA) value obtained with a 10% suspension of the same tissue. 22
Cross-reactivity between adenoviruses in ABC technique
Two hundred fifty microliters of a suspension of purified virus prepared from each of the 15 previously listed strains of AAV was individually mixed with 250 µ1 of a 1:500 dilution of the primary antibody for 12 hr at room temperature. Each of the virus-antibody mixtures was centrifuged d at 15,000 x g for 10 min. Each absorbed serum was then used as primary antibody on the infected liver sections following the standardized ABC staining protocol. As controls, liver sections were also tested with a 1: 1,000 dilution of unabsorbed primary antibody and with primary antibody that had been absorbed with an unrelated virus (a local isolate of avian reovirus). 
Results
Tissues fixed in Bouin's fluid for 12-18 hours and in formalin for 24 hours presented satisfactory morphology after staining with hematoxylin. There was no significant difference between the tissues fixed in formalin for 24 and 48 hours. Tissues were not well fixed in formalin after only 18 hours, whereas tissues become overfixed and tended to get harder in Bouin's fluid after 24 hours. In both cases, it was difficult to cut suitable thin sections. Blood-rich tissues such as liver and spleen fixed better in formalin than in Bouin's fluid. Regardless of primary fixation method and dilution of antibodies used in the ABC technique, no staining was detected in any of the infected tissues stored in 70% ethyl alcohol or formalin for about 6 months.
Sections dried at 37 C for < 48 hours tended to detach from the slide during the staining procedure. Regardless of the timing of incubation, sections that received dilutions of 1:100 and 1:250 of the primary antibody (rabbit antiviral gamma globulin) were stained very intensely but had an unacceptable amount of background staining. Sections that received 1:1,000 dilution of primary antibody had intense staining with minimum background staining after 60-70 minutes of incubation. Dilutions of 1:2,000 and 1:5,000 had pale staining with a clear background after 90 minutes of incubation. Both biotinylated goat anti-rabbit IgG (second antibody) and horseradish peroxidase-conjugated biotinavidin (ABC reagent) had intense staining with a primary antibody dilution of 1:1,000 after 30-45 minutes of incubation. Six to seven minutes of incubation was suitable for adequate color development after adding the substrate (DAB).
Omission of the primary antibody, secondary antibody, ABC reagent, or substrate from the standard procedure resulted in no staining. Likewise, liver sections from noninfected SPF birds did not stain (Fig.  1a) The endogenous peroxidase in liver sections was satisfactorily inactivated by 3% H 2 0 2 in PBS and 3% H 2 O 2 in methanol after incubating for 30 and 20 minutes, respectively. A minimum background staining was observed in infected as well as noninfected control tissue sections.
Adequate exposures of intracellular antigen was achieved after 15 minutes of incubation with 0.1% trypsin solution. Intense specific staining was obtained in infected liver tissue without any tissue disintegration or detachment of section from the slide. Two percent Table 1 . Detection of viral antigens by ABC and ELISA assays in tissues of birds infected orally with a locally isolated serotype 8 strain of avian adenovirus. normal goat serum in BSA (2%) was suitable for blocking any nonspecific reactions after 20 minutes of incubation. The detail outline of the standardized ABC staining protocol is shown in Fig. 2 .
Specific staining of AAV antigens was detected by the ABC technique in liver, spleen, pancreas, and ileum at 3,4 and 5;4 and 5;4 and 5; and 3, 4, 5, and 9 days pi, respectively (Table 1) . At 3 and 4 days pi, staining was mostly located in the nuclei of hepatocytes (Fig.  lb) , and at 5 days pi, staining was detected both in nuclei and cytoplasm (Fig. 1 c) . In spleen, specific staining was detected mainly in the periarteriolar areas ( Fig.  1d ), in ileum, in the epithelial cells, and in pancreas mostly in the acinar cells. Staining was not detected in muscle tissue. In 10% suspensions of the same liver, spleen, pancreas, and ileum tissues, viral antigens were detected by ELISA 3-9, 3-5, 3-5, and 3-9 days pi, respectively ( Table 1 ). Viral antigen was not detected by ELISA in muscle tissue.
Following absorption of the primary antibody with 6 of the prototype strains, 1 New Zealand isolate (716W), and the Australian isolate QLD together representing serotypes 1, 2, 6, 7, 8, and 9, no color reaction was detected when the absorbed antibody was used in the ABC technique on sections of infected liver. Absorption with the 4 prototype strains representing serotypes 4, 5, 11, and 12 and the New Zealand isolate 736NI (serotype 1) resulted in a color reaction that was about 25% of the intensity of the unabsorbed antibody. Absorption with prototype strains representing serotypes 3 and 10 resulted in a color reaction that was about 10% of the intensity of the unabsorbed antibody. Absorption with the avian reovirus did not result in any decrease in staining intensity.
Discussion
The ABC technique proved very useful for detecting AAV antigens in paraffin-embedded chicken tissues. Several factors may account for the negligible background and the intense specific staining of this ABC technique. The preliminary absorption of the primary antibody (serotype 8 AAV) with SPF liver-kidney cell suspension probably contributed significantly to the minimum nonspecific staining of the uninfected cells, which is consistent with the findings of others. 8, 16 Also, treatment of the sections with normal goat serum and the high dilution (1: 1,000) of primary antibody reduced the nonspecific background reactions. High concentrations of ABC may cause troublesome nonspecific background staining.
14 Presumably, inhibition of the endogenous peroxidase activity by using H 2 O 2 also decreased the background staining. High levels of endogenous peroxidase activity may substantially interfere with the intrepretation of sites of specific immunoreactivity. Interpretation of staining patterns may be difficult, particularly in areas of red blood cell extravasation. However, pretreatment of tissue sections with 0.3% H 2 O 2 in absolute methanol for 30 minutes is usually sufficient to block the pseudoperoxidase activity of red blood cells and other sites of endogenous peroxidase activity. 23 The ABC technique has been compared with an indirect ELISA in a controlled set of experiments. In liver, spleen, and ileum, high levels of AAV antigens were detected by ELISA at 4 and 5, 5, and 5 days pi, respectively, when an intense specific ABC staining was also obtained in a large number of cells. In ileum, high levels of viral antigens were also detected by ELISA at 3, 4, and 9 days pi, but a low number of cells were intensely stained by the ABC technique. In liver, spleen, and pancreas, low levels of viral antigens were detected by ELISA at 9, 3, and 3 days pi, respectively, but no specific staining by ABC was detected at these same periods. Thus, there were some situations where positive ELISA reactions were obtained yet viral antigens were not detected by immunocytochemical staining. There can be considerable variation in intensity of immunocytochemical staining at different points within a section or between samples or tissues. Nevertheless, quantification, with any degree of precision, of the amount of the corresponding antigen at a particular location is not practical because of the kinetic variations in the reactions at the various stages of immunologic and enzyme histochemical staining. 6 Although the ABC technique was slightly less sensitive than the ELISA, ABC did provide precise and permanent information on the site of AAV replication at the cellular level in particular tissues. This information was not provided by the ELISA, and although other methods, such as fluorescent antibody, may yield the same information, they do not give a permanent record. The ABC-stained specimens may be retained for years without significant fading of the DAB reaction product and thus remain satisfactory for repeated investigation. 24 By allowing clear visualization of the antigens in various infected tissues, the spread of virus throughout the body can be seen; therefore the ABC technique provides a valuable tool for studying the pathogenesis of IBH in chickens.
Fixation of tissues in formalin or Bouin's fluid is essential to preserve the morphologic structure of cells and to facilitate precise patholic studies, however formalin fixation and paraffin embedding inhibits the penetration of labeled antibodies. 20 The treatment of tissue sections with 0.1% trypsin at 37 C for 15 minutes prior to staining with the primary antibody gave an excellent exposure of AAV antigens with little or no detectable cell damage. Prolonged digestion, however, resulted in tissue disintegration and caused detachment of the section from the slide. Use of proteolytic enzymes to unmask viral antigens in formalin-fixed paraffin-embedded tissues has overcome similar difficulties with other viruses. 2, 5, 15 Most probably, the enzyme helps to break down the intermolecular linkages induced by formalin fixation. 4 No staining was detected in those tissues stored in 70% alcohol or in formalin for 6 months before being embedded in paraffin. Presumably, the antigens were somehow leached out from the tissue or were modified or degraded so that they were no longer recognized by the primary antibody. Fixation time, irrespective of the fixative, is a crucial variable in the preservation of viral antigenicity. 15 Tissues fixed with either formalin or Bouin's fluid should preferably be embedded within 48 and 24 hours, respectively. The antigenicity of AAVs, as well as the cellular morphology, may be preserved for several years once the tissue has been embedded. 12, 17, 19 Absorption of the primary antibody (anti-serotype 8) with the large range of AAVs illustrated 2 features of the specificity of the reactions observed with this ABC technique. First, absorption with purified homologous virus completely removed all reactivity, demonstrating that the reactions observed between primary antibody and infected liver sections were reactions with viral antigens present in the tissue. Second, absorption with any of the AAVs, representing all of the recognized serotypes of group I AAV, removed at least 75% of the reactivity of the primary antibody, suggesting that a common group-specific antigen(s) is being recognized, which is consistent with earlier studies where group reactivity was demonstrated using antiserum to serotype 1 AAV in immunofluorescent tests. 1 Same variation in the degree of cross-reactivity between serotypes was apparent in the immunofluores-cent study 1 and is also apparent in our present work. hemorrhages, and aplastic anemia in chickens. Avian Dis 17:
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